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Ap  abstract  fContintie 

'^Cable  response  due  to  X-lrradiatlon  is  linear  with  Incident  fluence  provided 
the  deposited  charge  in  cable  dielectrics  Is  directly  proportional  to  the 
X-ray  flux.  In  order  to  estimate  the  level  at  which  the  linear  region  ends, 
we  discuss  three  nonlinear  processes  which  modify  the  deposited  charge  profile 
in  a hypothetical  cable  model:  field  limiting  in  vacuum  gaps,  ionization 
effects  in  air  gaps,  and  radiation-induced  dielectric  condvictivity.  The  exact 
level,  at  which  limiting  of  the  Norton  driver  in  an  elemental  length  of  cables 
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20.  ABSTRACT  (Continued) 

begins,  depends  on  the  cable  geometry  and  the  X-ray  source.  Estimates  of  the 
onset  of  nonlinearities  due  to  field  limiting  and  to  dielectric  conductivity 
are  found  in  terms  of  cable  and  source  parameters.  With  air-filled  gaps  the 
Norton  driver  Is  always  nonlinear.  In  addition  to  limiting  of  the  Norton 
drivers,  the  load  response  of  a long  cable  may  be  limited  due  to  attenuation 
of  propagating  currents  in  the  Induced  conductivity  of  the  bulk  of  the 
dielectric,  v 
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1 . INTRODUCTION 


The  response  of  a cable  to  X-radiatlon  Is  linear  with  Incident  photon  fluence 
provided  that  the  cable  loads  and  cable  Impedance  are  non-dynamic,  and  the  photon- 
electron  transport  Is  not  field-limited.  When  these  conditions  do  not  obtain,  the 
response  Is  subllnear  with  fluence,  and  It  Is  of  Interest  to  determine  both  the  limit- 
ing effects  which  are  responsible  for  this  nonlinear  behavior  as  well  as  the  breakpoint 
where  this  limiting  occurs. 

The  problem  of  determining  a cable's  response  to  X-ray  photons  divides  natu- 
rally Into  three  parts:  (1)  determine  the  deposition  of  charge  In  cable  dielectrics 
(solve  the  electron-photon  transport  problem);  (2)  determine  the  Induced  current  (solve 
for  the  Norton-equivalent  drivers);  and  (3)  determine  the  response  of  cable  loads 

(solve  the  transmission  line  equations).  The  execution  of  the  first  two  steps  Is 

1 2 

Implicit  In  the  operation  of  the  present  generation  of  cable  response  codes.  ’ The 

3 

third  step  has  been  either  simulated  using  a lumped  element  equivalent  circuit  or 

4 

solved  directly,  for  example,  by  finite  difference  techniques.  The  Norton  drivers, 
which  represent  the  Input  to  the  transmission  line  equations,  are  linear  as  long  as  the 
deposited  charge  is  directly  proportional  to  the  X-ray  flux.  This  Is  the  case  when 
charge  transport  Is  completely  determined  by  the  colllslonal  stopping  power  of  cable 
materials.  However,  as  the  X-ray  flux  Increases  other  processes  begin  to  modify  the 
deposited  charge  profile.  In  this  report  we  will  discuss  three  of  these  nonlinear 
effects.  The  first  two,  field  limiting  In  vacuum  gaps  and  Ionization  effects  In  alr- 
fllled  gaps,  occur  because  gaps  are  commonly  found  In  brald-shlelded  cables.  The  third 
effect,  radlatlon-lnduced  dielectric  conductivity,  is  responsible  for  both  limiting  of 
the  drivers  and  propagation  losses  In  the  cable  Itself.  In  principle,  the  calculation 
of  a nonlinear  driver  and  the  solution  of  the  transmission  line  problem  are  coupled. 

This  Is  because  gap  effects  are  voltage  dependent  and  the  voltage  In  a given  section 
of  cable  depends  on  the  response  of  the  entire  cable  Including  its  loads,  even  in  the 
case  of  lossless  transmission  lines. 

The  exact  value  of  flux  at  which  nonllnearltles  begin  depends  on  the  mechan- 
ism and  on  the  particular  cable's  construction,  e.g.,  gap  size,  dielectric  material, 
etc.  Our  approach  In  what  follows  is  to  define  a hypothetical  cable  with  the  character- 
istics of  brald-shlelded  cables  found  In  satellites  or  missiles  and,  then,  to  predict 
the  short  circuit  current  per  unit  length  of  cable  as  a function  of  flux  Including  each 
limiting  effect,  one  at  a time.  We  will  identify  sensitivity  parameters  which  affect 
the  onset  of  each  process.  Following  that  we  will  discuss  transmission  lines  which  are 
simultaneously  lossy  and  driven  by  nonlinear  currents.  The  models  which  we  present 
will  be  reduced  to  equivalent  circuit  models  which  can  be  easily  evaluated  using  a cir- 
cuit analysis  computer  program. 
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2.  DEFINITION  OF  CABLE  AND  X-RAY  SOURCE  PARAMETERS 


In  this  section  we  define  a hypothetical  cable  as  well  as  the  X-radlatlon 
normally  Incident  upon  It.  The  cable  Is  assumed  to  be  a 50(2  coax  with  an  Inner  shield 
radius,  an  outer  conductor  radius,  and  a shield  gap  of  0.1,  .0299,  and  .005  cm,  respec- 
tively. The  conductors  are  copper  and  the  dielectric  Is  Teflon.  Then,  the  total  capac- 
itance and  Inductance  per  unit  length  for  the  cable  are  92  pF/m  and  0.24  mH/m,  and  the 
propagation  velocity  Is  0.69  c. 

The  X-ray  environment  Is  specified  to  be  monoenergetic  50  keV  photons  whose 
total  fluence  is  a parameter  to  be  varied.  We  assume  a triangular  pulse  waveform  whose 
full-width-half-maximum  Is  10  ns.  Holding  the  pulse  shape  constant  Implies  fluence  and 
flux,  dose  and  dose  rate,  are  proportional. 


In  vacuum  the  replacement  current,  or  Image  current,  tends  to  be  proportional 
to  the  size  of  the  gaps  In  the  cable. ^ This  Is  because  the  response  is  proportional 
to  the  distance  the  electrons  emitted  from  each  conductor  travel,  and  since  electron 
ranges  In  dielectrics  are  usually  much  less  than  gap  sizes,  the  gap  controls  the 
response.  Therefore,  in  this  sample  problem,  we  Ignore  charge  at  the  center  conductor/ 
dielectric  Interface  (where  there  is  no  gap)  and  take  the  direct  Injected  current 
source  to  be  emission  from  the  shield  which  Is  deposited  on  the  dielectric  surface.  The 
peak  magnitude  of  the  emission  current  source  is  taken  as  1600 (A/m)/ (cal/cm^ ) , which  is 
based  on  average  emission  efficiencies  for  copper  from  Dellin  and  MacCallum,  and  a 
10  ns  pulse  rlsetlme.  Then,  the  emission  current  J(t)  as  a function  of  time  Is 

J - J**  f(t),  (1) 

where  f(t)  Is  the  envelope  of  the  radiation  pulse  whose  value  at  the  peak  of  the  pulse 
Is  unity . As  a check  we  examine  the  linear  short  circuit  current  due  to  this  source 
for  a cable  in  vacuum.  The  emission  current  is  weighted  by  the  ratio  of  the  total  to 
gap  capacitances 


iP 

sc 


140 


A/m 

cal/cm^ 


(2) 


Multiplying  by  the  pulse  width  of  10  ns  yields  a normalized  response  of  1.4  x 10”® 
C-cm/cal,  which  Is  consistent  with  both  analysis  and  experiment.^ 


3.  FIELD  LIMITING  IN  VACUUM  GAPS 


Consider  the  equivalent  circuit  for  a section  of  cable  given  In  Figure  1. 

The  current  driver  shown  there  represents  transmitted  charge  across  the  shield  gap 
which  charges  up  the  gap  capacitance  C^.  But  the  transmitted  current  establishes  a 
retarding  electric  field  which  opposes  the  motion  of  subsequently  emitted  electrons. 

In  order  to  estimate  the  fluence  at  which  electrons  will  be  stopped  and  returned  to 
the  emitting  surface,  thus  limiting  response,  we  set  the  gap  potential  energy  at  the 
end  of  the  pulse  equal  to  the  mean  Initial  energy  of  created  electrons  E, 


e V 
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- E, 


(3) 


where  e is  the  electronic  charge.  For  the  50  keV  X-rays  assumed  here,  E for  copper 
equals  ^ A2  keV  (ref.  6).  In  the  open  circuit  limit  the  total  charge  stored  in 
the  gap  is  equal  to  the  integral  of  the  emission  current 
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(4) 


where  F is  the  fluence  level,  and  At  is  the  f ull-wldth-half-maxlmum  of  the  triangular 
pulse.  Then,  the  onset  of  field  limiting  will  occur  at 

E C 

F = 5^  5:2.5  cal/cra^,  (5) 

e J^At 


when  evaluated  using  the  parameters  from  the  last  section.  This  expression  indicates 
that  the  upper  bound  of  the  linear  regime  decreases  as  the  electron  spectrum  softens, 
as  the  gap  thickness  increases,  and  as  the  emission  yield  increases,  on  account  of 
the  field  limiting  effect. 


An  analytic  expression  for  the  current  transmitted  across  the  gap  can  be 
obtained  by  starting  with  the  Vlasov  equation  (the  collisionless  Boltzmann  transport 
equation).  Since  electron  transit  times  in  a gap  are  short  compared  to  typical  pulse 
lengths,  we  seek  a nonrelatlvistic  steady  state  result  dependent  on  the  instantaneous 
gap  voltage  and  on  the  photo-emission  energy  distribution.  Since  the  clrcimf erence 
of  a gap  is  much  greater  than  its  width,  we  approximate  the  system  by  a planar  diode. 
Then,  the  electron  distribution  function  is  given  by  the  Vlasov  equation 


^ n 

V + a TT-  “ 0, 

3x  3v 

where  the  deceleration  due  to  the  field  build  up  in  the  gap  is 

-e  V 

a ^ , 

m d 

and  V is  the  magnitude  of  the  gap  potential  difference,  m is  the  electronic  mass, 
g 

and  d is  the  gap  width. 


(6) 


(7) 
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SHORT  CIRCUIT  CURRENT 


VOLTAGE  ACROSS  DIELECTRIC  (kV) 


This  Ignores  space  charge  Interactions  In  the  gap.  From  the  theory  of  quasillnear 
partial  differential  equations,  total  energy 


u 


2 


(8) 


is  a constant  of  the  motion  in  Eq.  (6)  and  any  function  of  u is  a solution  of  Eq.  (6). 
We  can  construct  the  solution  for  the  diode  region  0<  x <d  subject  to  the  boundary 
conditions  that  the  distribution  function  at  the  emitting  surface  f(x  “ 0,  v > 0)  is 
known  and  that  all  particles  reaching  the  other  side  have  positive  velocities 
f (x  “ d,  V < 0)  - 0.  The  first  moment  of  the  distribution  function  is  the  transmitted 
current  and  transforming  to  the  energy  variable  we  get 


- jP  f(t)  n(E)  dE,  (9) 

t JeVg 

where  n(E)  is  the  normalized  energy  distribution  of  emitted  electrons. 

The  emission  energy  distribution  could  be  found  in  detail  from  analytic  trans- 
port theory  or  Monte  Carlo  calculation:  however,  for  this  illustration,  we  take  a 
result  from  the  simple  X-ray  Induced  emission  theory  given  by  Schaefer.^  The  differ- 
ential energy  yield  at  normal  incidence  is  approximately 


dY  ^ ^ \ 

dE  “ 4 \dx  ' ’ 


(10) 


where  is  the  linear  absorption  coefficient  at  the  incident  X-ray  energy  for  inter- 
action with  the  1-th  electron  shell.  Now  it  is  known  that  the  range  varies  roughly  as 
for  a number  of  materials.  Thus,  the  stopping  power  and  the  differential  energy 
yield  should  vary  as  E and  n(E)  is  proportional  to  E.  This  approximately  linear  energy 
variation  has  been  observed  both  in  Monte  Carlo  calculations  and  experimental  results. 
The  use  of  a roughly  linear  energy  spectrum  appears  justified  as  long  as  photon  energies 
are  not  too  near  absorption  edges  and  the  Compton  contribution  is  ignored.  Figure  2 
shows  the  distribution  used  in  this  calculation.  We  assume  that  the  lower  bound  of  the 
distribution  is  1 keV. 


ENERGY  (keV) 


Figure  2.  Assumed  Differential  Energy  Spectrum  of 
Electron  Emission  from  the  Cable  Shield. 


The  peak  short  circuit  current  will  be  nonlinear  with  respect  to  fluence  when 
the  Integral  in  Eq . (9)  becomes  less  than  unity.  Figure  1 shows  the  response  versus 
fluence  of  a unit  section  of  cable  driven  by  the  field  limiting  source.  The  breakpoint 
between  the  linear  and  nonlinear  parts  of  the  current  plot  is  close  to  the  2.5  cal/cm^ 
level  estlm;:  ■ J above.  The  energy  delivered  to  a in  load  between  the  shield  and  'enter 
conductor  is  also  given  in  the  figure.  (One  ohm  is  essentially  a short  circuit  compared 
to  the  capacitive  impedance.)  Also  plotted  is  the  voltage  built  up  across  the  dielec- 
tric layer  which  is  equal  in  magnitude  to  the  voltage  across  the  gap  because  of  the 
short  circuit  condition.  The  potential  saturates  at  A2  kV,  the  voltage  required  to 
reduce  the  transmitted  current  to  zero.  Note  that  this  is  equivalent  to  an  electric 
field  of  6x10^  V/cm  in  the  dielectric  which  is  more  than  twice  the  rated  strength  of 
Teflon  (2.Axl0^  V/cra),  although  less  than  that  of  Kapton  (2.8x10^  V/cm),  which  is  the 
strongest  of  dielectrics  used  in  cables.  This  suggests  tliat  there  may  be  combinations 
M of  environments  and  cable  types  for  which  dielectric  breakdown  could  occur.  Further 

investigations  of  this  possibility  are  anticipated  using  our  detailed  cable  code. 

To  translate  the  abscissa  of  Figure  1,  and  similar  figures  which  follow,  from 
fluence  to  peak  flux,  dose,  and  peak  dose  rate  use  the  conversion  factor  1 cal/cm^ 
corresponds  to  10®  cal/cm^-sec,  10®  rad(Si),  10^®  rad(Sl)/sec. 

The  time  history  of  the  short  circuit  current  is  triangular  and  identical  to 
the  X-ray  pulse  shape  in  the  linear  regime.  With  the  onset  of  limiting  the  latter  part 
is  clipped  off  and  the  pulse  gets  progressively  narrower  with  increasing  fluence. 

Figure  3 shows  that  the  current  waveform  changes  abruptly  between  1 and  10  cal/cm^. 

The  triangular  shape  at  1 cal/cm^  shows  that  response  was  still  linear  at  this  level. 


I 


A. 


J. 


8 


It.  lONll’.ATlDN  l-FVinS  IN  AIK  tIAl’S 


Whoti  ati  alr-rilU'il  calilo  nap  Is  Irradlati'il  bv  X-rays.  Ion  t /.at  li'ii  ol  tlio  air 
rosnlts  tn  a soi'ondarv  oon.lui-t  1 i>n  oiirroul  wtilch  tfiuls  to  mltlnalo  ibo  prlmarv  photo- 
Compton  rnrri'nt  omlttoil  I rom  tho  motal  surlaro.  In  onlor  to  tnohnlo  t lio  air  oomtiio- 
tlvltv  of  foot  wo  will  oaloiilato  tho  raillat  Ion- Inilnooil  translont  all  oomliiot  1 v 1 1 v ot  t lu' 
nap  aiul  translato  this  Into  a t Imo-ilopondont  shunt  roslstanoo 


whloh  Is  thon  Insortoil  Into  tho  oahlo  oqulvalont  olronlt  shown  In  I'lnnro  ^t . I'ollowlnn 
tho  mothoil  of  Uullor  and  Cloraont,^  tho  oouduotlvltv  Is  oalovilatod  hv  solvlnn  ali-U'n 
rato  otpiat  Ions  tor  tho  oonoont  rat  li'iis  ot  sooi'ndary  olootrons,  n*'>\orlo  posit  Ivo,  and 
nonorlo  nonatlvo  Ions.  Tho  ooolllolonls  snoh  as  attaohmont  ralos,  rooorahlnat  li'ii  r.il  os , 
oto.,  wliloli  ontor  tlio  rato  oquatlons,  and  tlio  partlolo  mohllltlos  aro  tunotlons  ol  t ho 
olootrlo  f lold  In  tho  nap.  Thus,  tho  oonduotlvllv  Is  oouplod  to  tho  lost  ol  tho  o I r- 
oult  throunh  tho  Inst  ant anoous  nsp  voltano. 

Tho  doso  rato  In  air  at  I .itmosphoro  of  prossuro,  whloh  Is  roipilrod  In  I ho 
ooiuhiot  Ivlty  oa  Ion  lat  Ions , Is  1.8xl0'-'  (rad  (al  r)/soo)/(oal/oni^)  and  Inoludos  oiu-rnv 
loss  oonlrlhnt  Ions  from  tho  primary  olootrons  orossinn  nsp.  Tho  slu'rt  olronlt 
onrront  Is  shown  In  I'lnnro  as  a fnnot  Ion  ol  flnonoo,  from  10"'  to  10^  oal/otn*.  T'ho 
rosponso  Is  alwavs  nonllnoar  In  this  ranno . I'lnnro  S shows  tho  oharaot  or  1 st  lo  bipolar 
slnnal  of  tho  air  nap  oahlo  rosponso.  This  shapo  oan  ho  oxplalnod  as  follows.  Tho 
omission  onrront  soiiroo  translors  oharno  aoross  tin'  nap:  this  oont  Innos  until  tin-  i-loo- 
trlo  floUl  and  tho  oondnollvlty  In  tho  n‘'P  havo  hnllt  to  tho  point  whoro  tho  soomnlarv 
olootron  onrront  oan  oompoto  with  tho  omission  onrront  and  dlsoharno  tho  polontl.il 
hnllt  np  dnrlnn  tho  first  part  of  tho  pnlso,  whloh  loads  to  tho  sln't  rovorsal  In  tho 
onrront.  As  flnonoo  Inoroasos  tho  t Imo  roqnlrod  lor  tho  sooomlarv  onrront  to  hooomo 
oomp.irahlo  to  tho  omission  onrront  dooroasos.  This  trond  oan  ho  soon  In  tho  onrront 
wavoforms  at  10"'  and  10"*  cal/om*  ftlvon  In  Flunro  .I.  Ahovo  10'*  oal/oni^  tho  onrront 
splkos  aro  vorv  sharp,  ooonrlnn  In  tho  llrst  low  nanosooonds  I'l  tlu'  radiation  pnlso. 
and  tho  short  olronlt  onrront  romalns  noar  /oro  lor  tho  rost  of  tho  ovont  . Ni'W, 
rotnrnlii);  to  I'lmiro  .'t,  tho  magnltiidos  ol  both  poaks  In  tho  short  olronlt  onrront  h.ivo 
boon  plottod  alon>t  with  tho  I'liorny  whloh  wonlil  ho  dollvorod  to  a hi  load.  Tho  ilopon- 
ilonoo  Is  snhllnoar  with  flnonoo  thronphont  tho  r.inpo  oxamlnod. 

It  should  ho  polntod  out  that  a oondnotlvltv  plotnro  ot  air  Unil/atlon  Is 
appropriato  only  as  lon>t  as  tho  motion  ol  tho  sooi'iidarv  olootrons  and  h'lis  Is  oomplotolv 
spoolflod  by  tholr  mv>hllltlos.  At  low  prossnros,  this  Is  no  lonpor  trno,  and  a oouplod 
solution  ol  I’olss.'ii's  oqnat  Ion  and  tho  oquatlons  ol  nu't  Ion  lor  partlolo  dvn.imlos  Is 
roqnlrod.  This  has  boon  oonsldorod  hv  Wnllor  In  ono  dimonslon  Iradlall  lor  ooaxl.il 
i'iiMi's.  Kor  i\  oaMo  with  a .01  cm  gap  the  translllou  t tom  ali-llkc  1 1'  vacuum^llkc 
rf'HpiMisc  wan  I ouiiil  to  occtii  noar  O.l  atm, 
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NORMALIZED  SHORT  CIRCUIT  CURRENT 


5.  RADIATION-INDUCED  DIELECTRIC  CONDUCTIVITY 


Ionization  of  the  cable  dielectric  can  have  a shunting  effect  on  the  direct 
Injection  current  resulting  from  a radiation-induced  conductivity.  This  conductivity, 
in  general,  has  prompt  and  delayed  parts 


/t 

f(t')  exp  l-(t-t')/T]  dt'  , 

D 


(12) 


where  D^  is  the  peak  dose  rate  and  K^,  K^,  and  t are  parameters  determined  from  short 
pulsed  Irradiations.^  For  Teflon,  K and  K,  are  1.1x10”®  (mho/f) / (rad/sec)  and  280. 

P 10  11 

(mho/f )/ (rad)  and  t is  216  ns.  Welngart,  et  al,  and  Sullivan  and  Ewing  agree  on 
the  prompt  coefficient  for  Teflon;  however,  Sullivan  and  Ewing  do  not  report  delayed 
conductivity  data.  In  the  rest  of  this  section,  we  assume  that  the  transient  dielec- 
tric conductivity  is  entirely  prompt.  Then,  the  transient  resistance  per  length  for  a 
uniformly  Irradiated  dielectric  has  the  form 


R - 1/K  DPf(t)  C , (13) 

P 

where  C is  the  capacitance  per  length  of  the  cable. 

In  order  to  Illustrate  limiting  due  to  dielectric  conductivity  alone,  we 
revise  our  model  cable,  eliminating  the  gap.  Assuming  that  the  gap  has  been  filled 
with  Teflon,  the  shield  emission  current  will  penetrate  one  electron  range  ("vT.SxlO  '*  cm 
for  42  keV  electrons)  into  the  dielectric.  The  dose  rate  in  the  bulk  of  the  Teflon  Is 
9.8x10*^  (rad/8ec)/(cal/cm^) . Assuming  tliat  energy  is  uniformly  deposited  by  electrons 
stopping  in  the  dielectric,  the  dose  rate  will  be  enhanced  in  the  stopping  region  about 
a factor  of  50  times  the  bulk  dose  rate.  Figure  6 shows  the  cable  equivalent  circuit 
containing  shunt  resistances  in  the  dose  enhanced  and  bulk  regions.  In  the  short  cir- 
cuit case 

+ V.  - 0 , (14) 

e b 


and  the  node  equations  for  this  circuit 


and 


I 

sc 


I 

sc 


J + C 


dV 
e 

e dt 


<l''k  V. 

S dt  R^  • 


(15) 


(16) 


can  be  solved  for  the  short  circuit  current  I , subject  to  the  condition  that  both  the 

sc 

current  source  and  the  inverse  of  the  resistances  (conductances)  have  the  same  time 
history , 1 .e . , 


.1  _ 
R”' 


JR  “ constant . 


1 J 


f LUENCE  (col/cm^) 


Figure  6.  Response  as  a Function  of  Fluence  of  a Unit  Section  of  Cable  Including 
Transient  Dielectric  Conductivity  in  the  Enhanced  and  Bulk  Regions. 


VOLTAGE  ACROSS  ENHANCED  REGION  (kV) 


The  result  for  the  short  circuit  current  is 


f- 

! 

( 


I - jPf(t) 

8C 


1 . (d^c^/dPc,) 


+ j‘^f(t) 


1 + {cjc^)  1 + (dPc^/dPc^^) 


(17) 


where 


K (D^C  + dPc.  ) ^t 


p ' e e 
<x  • ^ — c — ^ 


iiwr 
“e  s -/„ 


f(t')  dt^ 


This  expression  will  be  useful  for  explaining  our  results.  Note  that  the  first  tenii 
follows  the  radiation  pulse,  while  the  second  damps  out  as  a function  of  accumulated 
dose. 

We  should  see  evidence  of  dielectric  conductivity,  l.e.,  the  onset  of  limit- 
ing, when  the  discharging  time  of  the  enhanced  region  capacitance  through  its  shunt 
resistance  is  comparable  to  the  full-wldth-half-maxlmum  of  the  X-ray  pulse 

^ At  . (13) 

Using  Eq.  (13)  to  evaluate  at  the  peak  of  the  pulse,  then 

l/KpOP  - At  . (19) 

Note  that  this  dose  rate  D**  is  enhanced  by  the  factor  f,  such  that  D*’  - f . 

e e b 

Relating  of  to  the  total  non-enhanced  dose  D via  D “ uf  At,  we  obtain 
b b 

D - 1/fKp  . (20) 

For  Teflon  this  corresponds  to  10®  rads  (Teflon)  or  0.2  cal/cm^  incident. 

Figure  6 shows  our  data  for  the  response  of  the  cable  section  obtained  by 
evaluating  the  equivalent  circuit  over  a range  of  fluences.  Above  2 cal/cm^  we  have 
plotted  the  magnitudes  of  both  current  peaks  which  are  visible  in  the  current  wave- 
forms. Figure  7 compares  the  current  waveforms  at  several  fluence  levels.  From  the 
linear  (triangular)  shape  at  10  ^ cal/cm^  the  current  peak  narrows  and  moves  away  from 
the  peak  of  the  photon  pulse.  The  second  term  of  Eq . (17)  dominates  the  waveform 
except  at  very  high  fluence  (lO  cal/cm^),  when  it  appears  as  an  initial  spike  on  top 
of  the  term  proportional  to  the  X-ray  pulse  shape.  Returning  to  Figure  6,  note  that 
the  break  between  the  linear  and  nonlinear  regimes  occurs  at  a few  tenths  of  a 
calorie/cm^  agreeing  with  our  prediction.  Also  shown  on  this  figure  are  the  energy 
in  a Ifl  load  and  the  voltage  developed  across  the  enhanced  region.  The  voltage  satu- 
rates at  a value  corresponding  to  an  electric  field  of  2.6x10®  V/cm.  As  in  the  field 
limiting  case,  the  field  in  the  dielectric  exceeds  the  strength  of  Teflon  (2.Axl0®  V/cm). 
It  is,  however,  not  clear  that  dielectric  breakdown  strengths  have  any  meaning  when  the 
material  is  highly  conductive. 
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Figure  7.  Comparison  of  Normalized  Short  Circuit  Current  Waveforms  at  Three 

Fluence  Levels  Showing  the  F.ffect  of  Transient  Dielectric  Conductivity. 
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6.  LOSSY  TRANSMISSION  LINES 


Consider  a long  cable  which  is  uniformly  irradiated  along  its  length.  Now 
it  is  clear  for  the  vacuum  and  air  gap  cases  that  the  limited  driver,  i.e.,  the  short 
circuit  current  in  an  elemental  section  of  cable,  is  coupled  through  the  gap  voltage 
to  the  solution  of  the  rest  of  the  cable  equivalent  circuit.  In  the  absence  of  direct 
numerical  techniques  for  the  solution  of  the  transmission  line  equations  with  non- 
linear drivers,  one  can  simulate  a long  cable  by  repeated  lumped  element  sections  in 
a circuit  analysis  code.  When  the  cable  is  long  compared  to  the  distance  traveled  by 
a signal  for  the  duration  of  the  pulse,  we  will  see  a broadening  of  the  load  current 
waveform  because  of  the  staggered  arrival  times  of  current  from  different  sections  of 
the  cable.  The  gap  voltages,  and  thus  the  drivers,  are  dependent  on  cable  length  but 
any  nonlinearity  is  associated  with  the  limiting  of  the  driver  in  each  elemental 
section. 

We  wish  to  distinguish  the  above  situation  from  propagation  losses  in  the 
cable  itself.  Dielectric  conductivity  provides  a shunt  path  throughout  the  dielectric 
volume  which  is  at  least  as  big  as  the  conductivity  due  to  X-ray  dose  rate  in  the  bulk 
of  the  dielectric.  In  this  situation,  as  the  driver  from  one  point  in  the  cable  prop- 
agates down  the  line, it  is  further  dissipated  in  the  bulk  conductivity  of  the  rest  of 
the  cable. 

To  illustrate  propagation  losses  in  the  load  response  of  a long  cable,  con- 
sider a 20  m gapless  cable  made  of  repeated  sections  whose  equivalent  circuit  is  anal- 
ogous to  that  in  Figure  6,  along  with  an  appropriate  series  Inductance.  The  cable  is 
terminated  at  both  ends  in  a matched  500  load.  The  load  response  as  a function  of 
fluence  will  include  the  effects  of  both  limiting  of  the  driver  in  each  section  and 
dissipation  along  the  length  of  the  cable  due  to  dielectric  conductivity.  Tlie  qual- 
itative features  of  the  response  of  a short  1 m cable  versus  the  response  of  the  20  m 
cable  can  be  seen  by  comparing  Figures  6 and  8.  The  breakpoint  between  the  linear  and 
nonlinear  regimes  occurs  around  0.1  cal/cm^  for  either  length.  Peak  current  and  load 
energy  in  the  20  m case  increase  very  slowly  in  the  limited  regime.  Long  cable  response 
has  nearly  saturated  compared  to  the  comparable  curves  in  Figure  6 which  show  a steady 
but  subllnear  increase  in  the  response  in  the  limited  regime.  Data  are  shown  in 
Figure  8 for  two  treatments  of  the  conductivity.  These  correspond  to  using  the 
expression  for  conductivity  given  in  Eq.  (17)  with  and  without  the  second  term,  i.e., 
delayed  conductivity.  Accounting  for  delayed  conductivity  does  not  affect  the  peak 
load  current  but  it  does  decrease  load  energy  about  a factor  of  5.  This  difference 
in  energy  is  explained  by  the  fact  that  with  prompt  conductivity  only  the  cable 
returns  to  the  lossless  state  at  the  end  of  the  pulse;  but  with  delayed  conductivity, 
energy  continues  to  be  dissipated  in  the  cable  as  the  signal  propagates  to  the  loads 
after  the  pulse  is  over.  Furthermore,  it  was  only  in  this  20  m cable  including 


CURRENT  (A) 


LOAD  ENERGY  (pj) 


delayed  conductivity  where  we  saw  a response  versus  fluence  plot  which  did  not  increase 
monotonically  The  slight  dip  in  energy  centered  at  6 cal/cm^  was  present  in  our  cal- 
culations. We  speculate  that  some  other  choice  of  parameters  would  alter  the  magnitude 
of  the  dip,  or  eliminate  it.  Further  study  is  Indicated  to  quantify  the  situations 
under  which  response  might  decrease  with  Increased  fluence. 

In  Figure  9 several  load  current  waveforms  are  shown.  At  .01  cal/cm^  in  the 
unlimited  region,  the  current  has  the  broadened  shape  characteristic  of  a propagated 
signal.  Of  course,  the  shape  is  the  same  with  and  without  delayed  conductivity.  At 
10  cal/cm^  in  the  limited  region,  delayed  conductivity  almost  completely  attenuated 
current  from  points  far  away  from  the  end  of  the  cable.  Tlie  reflection  apparent  in 
this  waveform  is  characteristic  of  an  open  circuit  at  the  other  end  of  the  cable.  This 
can  be  explained  because  the  shunt  Impedance  presented  by  the  delayed  conductivity 
lowers  the  cable  impedance  below  that  of  the  load  (500).  Thus,  the  other  end  looks 
like  an  open  circuit. 


TIME  (nsl 


Figure  9.  Comparison  of  Normalized  Load  Current  Waveforms  for  20  m 

Cable  at  Two  Fluence  Levels,  Showing  the  Effect  of  Limiting 
by  Prompt  and  Delayed  Conductivity  in  the  Dielectric. 
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7.  CONCLUSIONS 


We  have  examined  tliree  processes  which  cun  cause  the  X-ray  Induced  response  | 

of  a shielded  cable  to  be  nonlinear  with  fluence.  The  fluence  level  at  which  the 

linear  region  ends  and  the  nonlinear  region  begins  depends  on  details  of  the  particu-  < 

lar  cable  geometry  and  materials  and  of  the  X-ray  environment,  estimates  for  the  1 

level  at  which  limiting  begins  due  to  each  process,  based  on  results  for  the  short 
circuit  current  per  length,  are  as  follows: 

Field  Limiting  in  Vacuum  Caps:  Limiting  depends  on  the  average  electron  j 

energy,  the  emission  current  per  unit  length  per  unit  fluence,  and  the  gap  geometry  j 


E C 

F - — ^ (cal/cm^)  : 
eJ*’  dt 

lonlzat  Ion  In  Air  Filled  Cajis:  At  one  atmosphere  of  pressure  air  conduc- 
tivity leads  to  nonlinear  response  at  all  fluences  (lO*^  cal/cm^  Is  the  lowest  fluence 
at  which  we  actually  performed  calculations); 

Radlat Ion- Induced  Plelectrlc  Conductivity:  Limiting  depends  on  the  coeffi- 
cient of  prompt  conductivity  and  the  dose  enhancement  factor 

D “ l/f  Kp  (rads)  . 

In  addition  to  the  limiting  observed  In  the  short  circuit  current,  load 
response  Is  further  limited  by  the  dielectric  conductivity  of  the  bulk  of  the  cable. 
Propagation  losses  occur  through  this  shunt  as  signals  travel  down  the  cable  to  its 
loads.  However,  delayed  conductivity  (when  present)  markedly  reduces  load  response. 
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